Microwave beam back-scattering near cutoff layer appears to be the most interesting diagnostic to observe density fluctuations time evolution for a given localization in the plasma and at a defined wave vector. It also provides perpendicular velocity. Scattering only occurswhen the Bragg selection rule is fulfilled i.e. when the scattering wave vector is perpendicular to the magnetic field.
Motivation
The Doppler back-scattering microwave diagnostic installed on Tore Supra is able to observe density fluctuations in the plasma core: ρ varies from 0.3 to 0.9, depending on plasma parameters. Density fluctuations are observed by an enhanced microwave back-scattering effect near the reflection layer (close to the cut-off). The microwave beam trajectory cannot be directly estimated. In order to know the scattering localization and wave vector in the reflection zone, wave propagation It is also useful to estimate beam size and the wave vector resolution. Since the scattering efficiency is not a linear effect, they do not correspond to back-scattering resolution and expansion, but these beam characteristics give a first approach of back-scattering ones.
Density fluctuation properties should also be taken into account: For the diagnostic typical scattering wave-numbers range (3 to 20 cm −1 ), density fluctuations are almost perpendicular to the magnetic field. This condition has to be verified in the scattering zone.
Since this beam propagation computation has to be done for each data acquisition sequence (in the order of 50 per shots), full wave simulation is not realistic. Ray tracing computation needs less time, but single ray integration is not sufficient to describe beam size evolution. Beam tracing, as multiple ray tracing is necessary.
In the first part, we expose the ray tracing integration with the complex eikonal method. This method is then applied to Doppler backscattering in Tore Supra tokamak.
Beam tracing
The complex eikonal method to describe beam evolution in plasma is derived from the usual ray tracing method [1] .
Eikonal function method for ray tracing
The plasma is described as a loss-less linear isotropic non-dispersive medium with an optical index n 2 (r). The incident wave is a monochromatic wave E ω (r, t) = E(r)e iωt , where ω is the wave pulsation. With these assumptions, the Helmholtz equation applies ∇ 2 E + k 2 0 n 2 E = 0. With WKB approximation, valid when the local wavelength λ(r) is much smaller than the electric field characteristic variation length |E|/|∇E(r)|, the zeroth order electric field approximation E(r) = E 0 e ik 0 S(r) is considered. S(r) is the eikonal function.
If this electric field expression is applied to the Helmholtz equation, the eikonal equation is deduced: |∇S(r)| 2 = n 2 (r). We introduce k = k 0 ∇S as a intermediate variable. k must then be an irrotational solution of the dispersion equation: D(r, k, ω) = k 2 − ω 2 C 2 n 2 (r) = 0. The dispersion equation is solved by integrating rays along which the dispersion equation is satisfied:
Complex eikonal to describe electric field envelope
The complex eikonal method was first proposed for inhomogeneous plasmas by S. Choudhary and L. B. Felsen [2] . This was extended to 3D vector field by E. Mazzucato [3] . Here we expose the more detailed application given by S. Nowak and A. Orefice [4, 5] . This method is generalized by considering complex form for the eikonal function: S(r) = R(r) + iI(r). The eikonal imaginary part corresponds to the electric field spatial variation, where the real part corresponds to phase variations:
The eikonal equation still applies |∇S(r)| 2 = n 2 (r), but has real and imaginary parts:
Once again, a dispersion equation is deduced by introducing k = k 0 ∇R.
The dispersion equation appears with an additional term |∇I| 2 , and an additional condition k.∇I = 0. Since k is tangential to the ray, this condition means I(r) is constant along rays. It only depends on initial conditions. The complementary phase function R(r), is constant along group wavefront.
Beam tracing consists in multiple ray tracing integration i = 1...n. For each ray, I i is given by initial conditions, but |∇I(r)| 2 varies. It will be estimated from neighbouring ray relative positions. 
Gaussian beam description
By identifying the electric field envelope with its eikonal expression: E(r, z = 0) = E 0 e −r 2 /w 2 0 = E 0 e k 0 I(r) e ik 0 R(r) , initial values of I and R are given by: I m,n = −r 2 m /k 0 w 2 o and R m,n (z = 0) = 0.
Each ray integration equations are:
Since ∇|∇I 0,n | 2 = 0, for central ray (m = 0), ray tracing equations are the same as single ray tracing equations.
Runge Kutta integration
Rays can be integrated using adaptive step-size Runge-Kutta algorithm. Since ∇|∇I| 2 term is computed from neighbouring rays, all rays are computed altogether with the same step. The step-size is then adapted to the most strained ray.
For region where the n 2 (r) function is not regular enough, like the plasma vacuum interface, Snell law is applied for affected rays.
Validation for Gaussian beam expansion in vacuum
Solutions of such beam tracing can be compared to paraxial analytic solution of Gaussian beam expansion in vacuum. In this case, the beam waist varies along propagation axis: w(z) = w 0 1 + z 2 /e 2 (where e = πw 2 0 /λ 0 ). w(z) is the distance between the central ray (where E(r) = E 0 ) and the position where E(r) = E 0 e −1 .
Comparison between beam tracing and the analytical solutions shows they are very close. For beam initial waist equal to w 0 = 40 mm, over a distance over 2 m, the relative difference between both waists is less than 3 10 −4 .
Analytical solution gives also phase wavefront radius variations along propagation axis (R(z) = z(1+e 2 /z 2 )). But this expression cannot be compared to the beam tracing, since the beam tracing only considers group velocity and not the phase velocity.
Plasma description

The plasma wave interaction is described with the cold plasma approximation.
Plasma equilibrium is described by major and minor radius, plasma height position, and Shafranov shift. More complete equilibrium description is forecast for the future.
Density profile is computed from central density n 0 and peaking coefficient p: n(ρ) = n 0 (1 − ρ 2 ) p . Experimental data spline interpolation is also possible, but profile irregularities can induce ray tracing integration instability.
Poloidal section description is extended to 3D with toroidal geometry. Ripple effect on equilibrium is taken into account. 
Ray tracing validation for specific cylindrical plasma
Analytical solutions exist for single 2D ray tracing, for O mode propagation in a parabolic density profile (n(ρ) = n 0 (1 − ρ 2 )) with no Shafranov shift (Private communication by L. Colas).
For cylindrical symmetry, rk θ is constant along the ray (it differs from slab geometry, where k θ is constant).
Ray minimum radius ρ min and corresponding poloidal wave-number k θmin expressions are:
is the density normalized to its critical value, and α is the angle between ray trajectory and plasma surface normal, where the ray enters the plasma (Figure 2) .
The ray tracing results (given on figure 2) may be compared the corresponding analytical results: ρ min = 0.53 and 2k θmin = 8.95 cm −1 . The relative difference is less than 2%. With the For more realistic plasma parameters, there is no analytical solutions. But since beam central ray tracing behaves like single ray tracing, the condition k 2 = k 2 0 n 2 (r) must apply along the central ray. This condition is verified during computation. 4 Beam tracing in Tore Supra plasma parameters In order to estimate the resolution upon these quantities, we compare the results between the central ray and the rays initially distant by w 0 . For this case, the relative resolution on position is of the order of 10 to 20 %. The wave-number resolution is of the order of 30 to 50 %. For most studied cases, it appears that these wave-number and position resolutions are in the same ranges: 2δk θ = 3 to 5 cm −1 , and δρ = .05 to .10.
The ξ k dispersion is quite high: 10 • . It means that the beam should perpendicular to the magnetic field.
